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NAD-Induced T Cell Death:
ADP-Ribosylation of Cell Surface Proteins by ART2
Activates the Cytolytic P2X7 Purinoceptor
include withdrawal of survival factors as well as trig-
gering of so-called “death receptors,” such as Fas and
other members of the TNF receptor family (Krammer,
2000). Here we delineate an alternative mechanism for
inducing T cell death by extracellular NAD released from
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It has been shown that ecto-ATP can induce deathSummary
of T cells and macrophages (Canaday et al., 2002;
Chvatchko et al., 1996; Di Virgilio et al., 2001; Labasi etT cells express a toxin-related ADP-ribosylating ec-
al., 2002; Lammas et al., 1997; MacKenzie et al., 2001;toenzyme, ART2. Exposure of mature T cells to NAD,
Surprenant et al., 1996; Zanovello et al., 1990). ATP-the substrate for ADP-ribosylation, induces cell death.
induced activation of the cytolytic P2X7 purinoceptorART2-catalyzed ADP-ribosylation activates the cyto-
induces calcium flux, formation of large membranelytic P2X7 purinoceptor, causing calcium flux, pore
pores, exposure of phosphatidylserine and uptake offormation, phosphatidylserine exposure, shedding of
propidium iodide, ultimately resulting in cell death. How-CD62L, cell shrinkage, and propidium iodide uptake.
ever, millimolar concentrations of ATP were required toInterestingly, much lower NAD than ATP concentra-
elicit these responses. It has remained a mystery howtions are required to activate P2X7. NAD-induced cell
such high ATP concentrations could be derived fromdeath (NICD) operates with endogenous sources of
natural sources. Here we delineate a mechanism forNAD released upon cell lysis. These findings identify
activating P2X7 by a ligand generated from endoge-P2X7 as a key effector of NICD and demonstrate that
nous sources.P2X7 can be activated by an endogenous ligand other
Cytotoxicity mediated by protein ADP-ribosylation isthan ATP. Our results delineate an alternative mecha-
a common theme of many bacterial pathogens that posenism for inducing T cell death and set an interesting
significant human health threats (C. diphtheriae, V. chol-precedent for immunoregulation via crosstalk between
erae, E. coli, B. pertussis, S. entericae, C. botulinum, S.NAD-dependent ADP-ribosyltransferases and purino-
aureus, P. aeruginosa) (Aktories and Just, 2000; Dome-
ceptors.
nighini and Rappuoli, 1996). Symptoms of diphtheria,
whooping cough, and severe diarrhea are caused by
Introduction ADP-ribosylating enzymes that translocate into mam-
malian cells. These toxins interfere with protein synthe-
The maintenance of homeostasis in the immune system sis, signal transduction, or cytoskeletal functions by
and the focusing of immune reactions on appropriate ADP-ribosylating key target proteins such as elongation
targets require the coordinated interplay of regulatory factor 2, G proteins, or actin. Mammalian ADP-ribosylat-
mechanisms. Programmed cell death plays a major role ing ectoenzymes, designated ART1-ART5, have been
in many phases of the immune response (Van Parijs discovered that bear distant sequence similarity to these
and Abbas, 1998). Impairments in cell death signaling bacterial toxins (Glowacki et al., 2002; Haag and Koch-
pathways can lead to autoimmune and lymphoprolifera- Nolte, 1997; Okazaki and Moss, 1998). Mammalian ecto-
tive diseases. In the course of evolution, multiple mecha- ADP-ribosyltransferases (ARTs) have been shown to
nisms of eliciting cell death have developed within the ADP-ribosylate T cell membrane proteins and secretory
immune system that greatly enhance its flexibility to antibacterial factors (Liu et al., 1999; Paone et al., 2002).
respond adequately to increasing challenges (Leist and The recently solved crystal structure of rat ART2 con-
Ja¨a¨ttela¨, 2001). Death pathways in the immune system firms the close structural and evolutionary relationship
of mammalian ARTs and ADP-ribosylating bacterial tox-
ins (Mueller-Dieckmann et al., 2002). The results pre-*Correspondence: nolte@uke.uni-hamburg.de
5 These authors contibuted equally to this work. sented here demonstrate that ART2 and ADP-ribosylat-
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ing bacterial toxins may share not only a common cubating cells with etheno-NAD followed by washing
effectively prevented subsequent NICD (Figures 2B andstructure and enzymatic activity but also a common
function: cytotoxicity. We show that micromolar con- 2D). This suggests that etheno-NAD acts by blocking
protein ADP-ribosylation via prior etheno-ADP-ribosyla-centrations of NAD derived from endogenous sources
are sufficient to kill T cells by activating P2X7 via ART2- tion rather than as a competitive inhibitor of NAD. Similar
results were obtained with the NAD analogs nicotin-catalyzed ADP-ribosylation.
amide guanidine dinucleotide (NGD) and nicotinamide
hypoxanthine dinucleotide (NHD) (Figures 2C and 2D).Results
In the experiment shown in Figure 2D, cells were prein-
cubated with NGD and NHD and washed before treat-Exposure of T Cells to the ART Substrate, NAD,
ment with NAD, suggesting that NGD and NHD, likeInduces Cell Death by Apoptosis
etheno-NAD, serve as substrates for ecto-ARTs and ex-Exposure of phosphatidylserine (PS) is an early sign of
ert their effects by GDP-ribosylation and HDP-ribosyla-apoptosis; propidium iodide (PI) staining is an indicator
tion of cell surface proteins, respectively. Etheno-NAD,of cell death (Bossy-Wetzel and Green, 2000). In accord
NGD, and NHD differ from NAD only in the adeninewith previous reports (Adriouch et al., 2001; Liu et al.,
moiety (see Supplemental Data at http://www.immunity.2001), treatment of lymph node T cells with micromolar
com/cgi/content/full/19/4/571/DC1). These findings sug-concentrations of exogenous NAD induced PS exposure
gested to us that an essential downstream effector ofand, ultimately, PI staining (Figure 1A). NAD-induced
cell surface protein ADP-ribosylation senses this differ-cell death (NICD) was accompanied by cell shrinkage
ence in the adenine group.(Figure 1D), indicating that cells were dying by apoptosis
rather than by necrosis, which is characterized by cell
swelling (Dive et al., 1992; Okada et al., 2001). NAD induced NAD Induces Calcium Flux, Formation of Membrane
other hallmarks of apoptosis, e.g., disruption of mitochon- Pores, and Shedding of CD62L
drial membrane potential (Figure 1E) and DNA fragmen- Members of the purinoceptor family of cell surface pro-
tation (Adriouch et al., 2001). teins are known to be sensitive to modifications of the
adenosine moiety of their ligands (North and Surprenant,
2000). Among the purinoceptors, P2X7 is expressed onNICD Requires ART2-Catalyzed ADP-Ribosylation
lymphocytes and is well known to mediate PS exposureof Cell Surface Proteins
upon triggering with high doses of ATP (Di Virgilio et al.,ADP-ribose, which can be generated from NAD by extra-
2001; Zanovello et al., 1990). P2X7 thus represents acellular NAD-glycohydrolases (Lund et al., 1995), did not
good candidate for the downstream adenosine sensinginduce PS exposure or PI uptake, even at millimolar
effector of NICD. Hallmarks of P2X7 triggering are induc-concentrations (Figure 1C), suggesting that NAD in-
tion of calcium flux and formation of membrane poresduced cell death either directly or via catabolization by
permeable to molecules up to 800 Da. The latter can beNAD-dependent ADP-ribosyltransferases. Indeed, cells
monitored by uptake of fluorescent DNA binding com-lacking ecto-ADP-ribosyltransferase ART2 (Ohlrogge et
pounds such as ethidium bromide and YO-PRO-1 (Dial., 2002) were resistent to NICD (Figure 1B). Moreover,
Virgilio et al., 2001; North and Surprenant, 2000). In orderpreincubating ART2-expressing cells with ART2-spe-
to explore the possible role of P2X7 in NICD, we testedcific antibodies (Figure 1C) effectively prevented NICD.
whether calcium flux and dye uptake can be elicitedSince these antibodies block ART2-catalyzed ADP-ribo-
by NAD. Indeed, intracellular calcium levels increasedsylation of cell surface proteins (Adriouch et al., 2001),
within minutes after addition of ecto-NAD (Figure 3A).the enzymatic activity of ART2 appears to be required for
Moreover, as in the case of treatment with ATP, T cellsNICD. Consistent with this conclusion, other inhibitors of
became permeable to ethidium bromide and YO-PRO-1cell surface ADP-ribosylation (Banasik et al., 1992;
within 30 min after treatment with NAD (Figures 3B andKoch-Nolte et al., 1996), e.g., agmatine, a low molecular
3C). Another reported consequence of P2X7 receptorweight surrogate substrate of ecto-ARTs (Figure 1C),
triggering by ecto-ATP is shedding of CD62L (Gu etand nicotinamide, a competitive inhibitor of NAD-depen-
al., 1998; Jamieson et al., 1996). Similarily, treatment ofdent ADP-ribosylation (data not shown) also blocked
T cells with NAD induced shedding of CD62L (Figure 3D).NICD. Taken together, these findings show that NICD
Consistent with its effects on NICD (Figure 2), etheno-requires ART2-catalyzed ADP-ribosylation of cell sur-
NAD did not induce CD62L shedding, and pretreatingface proteins.
cells with etheno-NAD blocked subsequent NAD-induced
CD62L shedding (Figure 3D). Note that ART2/ T cellsNAD Analogs with Modifications of the Adenine
were resistant to NAD-induced shedding of CD62L (Fig-Group Block NICD
ure 3D), calcium-flux, and dye uptake (data not shown).The NAD analog etheno-NAD is an efficient substrate
Note also that both NAD-induced uptake of YO-PRO-1for ecto-ART2, and etheno-ADP-ribosylation of T cell
and NAD-induced CD62L shedding were restricted tosurface proteins can be monitored by flow cytometry
T cells, whereas B cells—which do not express ART2and immunoblot analyses (Kahl et al., 2000; Krebs et
(Koch-Nolte et al., 1999)—were completely resistant toal., 2003). Note that ART2-deficient cells do not etheno-
these effects (Figures 3C and 3D).ADP-ribosylate cell surface proteins (Figure 2A). Re-
markably, in contrast to NAD, etheno-NAD did not in-
duce PS exposure or PI staining of wild-type T cells P2X7 Antagonists Block NAD-Induced Calcium Flux
and PS Exposure(Figures 2B and 2C). Evidently, NICD can be induced
by ADP-ribosylated cell surface protein(s) but not by The involvement of P2X7 in NICD was further corrobo-
rated with known antagonists of P2X7 (Abbracchio andetheno-ADP-ribosylated protein(s). Furthermore, prein-
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Figure 1. NAD Induces T Cell Death via ART2
(A and B) ART2/ (A) or ART2/ (B) T cells were incubated in the absence or presence of 10 M NAD for 1 hr (top) or 20 hr (bottom). Cells
were then washed and stained with Annexin V and propidium iodide for FACS analysis.
(C) ART2/ T cells were incubated for 30 min in the absence (1) or presence of 2 mM ADP-ribose (2), 20 M NAD (3–6), or 65 mM agmatine
(7) and then stained with Annexin V/PI. Sixty minutes before and during NAD treatment, cells were also exposed to 0.1 g/ml control antibodies
(3), 0.1g/ml ART2-specific antibodies (4), or 65 mM agmatine (6).
(D) T cells were incubated for 16 hr in the absence or presence of 20 M NAD and then monitored by FACS analyses for changes in forward
and side scatter (FSC, SSC). Sixty minutes before and during NAD treatment, cells in panel 3 were also exposed to 0.1 g/ml ART2-
specific antibodies.
(E) T cells were incubated for 6 hr in the absence or presence of 50 M NAD or 5 M staurosporine and then stained with the cell permeant
Mitosensor dye whose fluorescence increases as the mitochondrial membrane potential decreases. Numbers indicate the percentage of cells
in the respective gated populations.
Burnstock, 1994; Gargett and Wiley, 1997; North and The Cytotoxic Effects of NAD Are Not Mediated
Surprenant, 2000). Preincubation of cells with the P2X7 by ATP Released from Cells
antagonists KN-62 or oxidized ATP (oATP) effectively Since ATP was the only physiologic ligand for P2X7
blocked both NAD-induced and ATP-induced PS expo- described so far, it was conceivable that the cytotoxic
sure (Figure 3E) and calcium flux (Figure 3F). effects of NAD were mediated by ATP released from
cells. For example, ADP-ribosylation of membrane pro-
teins might cause an increased release of ATP, and/orNAD Itself Is Not a Ligand for P2X7
ADP-ribosylation of membrane proteins might dramati-To address the question whether NAD itself functions
cally lower the threshold of P2X7 to ATP released fromas a ligand for P2X7, we analyzed the response of T cells
cells in a constitutive fashion. In order to address thesefrom ART2/ mice to NAD and ATP (Ohlrogge et al.,
questions, we treated T cells with NAD or ATP in the2002). ART2-deficient T cells were resistant to NICD but
presence of the potent ATP-hydrolase apyrase (Figuresensitive to direct triggering of P2X7 by ATP (Figure 4A).
4B). Apyrase treatment prevented ATP-induced PS ex-This rules out the possibility that NAD itself is a ligand
posure even at very high concentrations of exogenousfor P2X7 and further supports the notion that P2X7 is
activated by ADP-ribosylation of membrane proteins. ATP, whereas it had no effect on NAD-induced PS expo-
Immunity
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Figure 2. NICD Is Prevented by Pretreating T Cells with Etheno-NAD or NAD Analogs Bearing Modifications in the Adenine Moiety
(A) Flow cytometric assay for etheno-ADP-ribosylation of membrane proteins. Panel 1: T cells were incubated for 30 min with or without 20
M etheno-NAD, washed, and then stained with fluorochrome-conjugated etheno-adenosine-specific mAb 1G4 (Krebs et al., 2003). Panel 2:
ART2/ and ART2/ T cells were incubated for 10 min with 20 M etheno-NAD, washed, and then stained with mAb 1G4.
(B) ART2/ T cells were incubated for 0.5 hr (top) or for 16 hr (bottom) with 20 M NAD or 20 M etheno-NAD and then stained with Annexin
V/PI. Cells in panel 4 were pretreated for 1 hr with etheno-NAD followed by washing prior to treatment with NAD.
(C) T cells were incubated for 30 min with the indicated concentrations of NAD, etheno-NAD, NGD, or NHD and then stained as in (B).
(D) T cells were preincubated for 30 min with the indicated concentrations of etheno-NAD, NGD, or NHD, washed, and then treated for 30
min with 30 M NAD before staining with Annexin V/PI as in (B).
sure. Conversely, treatment of cells with NAD in the by activating P2X7. Remarkably, the P2X7 antiserum
could also inhibit PS exposure in response to low levelspresence of NADase strongly reduced NICD but not
ATP-induced cell death (Figure 4B). NADase only re- of ATP (Figure 5B), but high concentrations of ATP could
bypass this inhibition (data not shown). Furthermore,duced PS exposure to background levels when NAD
rather than cells were preincubated with NADase (data following incubation of T cells with radiolabeled NAD,
the P2X7 antiserum precipitated a radiolabeled 70 kdnot shown). In the latter case, evidently, ADP-ribosyla-
tion occurred before the NADase could hydrolyze the band corresponding to P2X7 (Figure 5C). These results
suggest that P2X7 is activated directly by ADP-ribosy-substrate. We conclude that the effects of NAD are me-
diated by cell surface ADP-ribosylation and not by ATP lation.
released from cells.
P2X7 Is ADP Ribosylated NAD Activates P2X7 at Lower Concentrations
Than Does ATPThe obvious next question was whether P2X7 itself is a
target for ADP-ribosylation. To address this issue, we The results of dose-response analyses (Figure 6A) reveal
that NAD can activate P2X7 at lower doses than ATPraised an antiserum to P2X7 by DNA vaccinating rabbit
“K1G” with an expression vector for P2X7. The specific- (EC50 for PS exposure 2 M versus 100 M). Moreover,
the response to ATP shows a threshold effect, and dosesity of the K1G antiserum was verified by FACS (Figure
5A) and immunoblot analyses (Figure 5C). Importantly, below 50 M ATP do not induce exposure of PS. In
contrast, NAD induces PS exposure of some cells atthe P2X7 antiserum, like the ART2 antiserum, blocked
NAD-induced PS exposure (Figure 5B). This further un- concentrations as low as 1 M. With increasing concen-
trations of NAD a steady increase in the number of cellsderscores the conclusion that NAD mediates its effects
NAD-Induced Cell Death
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Figure 3. NAD Induces Responses Characteristic of P2X7 which Are Blocked by P2X7 Antagonists
(A) Fura-2 loaded T cells were stirred in a fluorimeter cuvette. NAD was added (arrow) at the indicated concentrations, and changes in cytosolic
Ca2 were monitored by fluorometry with excitation at 340/380 nm and emission at 510 nm.
(B) T cells were incubated for the indicated times in the presence of 10 M NAD. Ethidium bromide (1 g/ml) was added for the last 2 min
prior to counterstaining with Annexin V.
(C) Total lymph node cells were incubated for 30 min in the absence or presence of 100 M NAD or 200 M ATP. YO-PRO-1 (10 g/ml) was
added for the last 2 min prior to counterstaining with anti-mouse IgG.
(D) Total lymph node cells were incubated for 30 min in the absence (panels 1 and 5) or presence of 100 M NAD (panels 3, 4, and 7) or 1
mM ATP (panels 2 and 6) and then stained with anti-CD3FITC and anti-CD62LPE. Cells in panel 4 were pretreated for 10 min with 100 M etheno-
NAD before treatment with NAD. Cells in panels 1–4 were from an ART2/ mouse; cells in panels 5–7 were from an ART2/ mouse.
(E) T cells were preincubated for 120 min with P2X7 antagonists KN-62 or oxidized ATP, washed in the case of oxidized ATP, and incubated
further for 30 min in the presence of 10 M NAD or 300 M ATP. Cells were then washed and stained with Annexin V/PI.
(F) Fura-2 loaded T cells were preincubated with or without KN-62, NHD, or ADP-ribose for 5 min in a stirred fluorimeter cuvette. NAD was
added as indicated and changes in cytosolic Ca2 were monitored by fluorometry as in (A).
exposing PS is observed, but a fraction of cells remains (MacKenzie et al., 2001). To assess the reversibility of
NAD-induced PS exposure, we treated T cells brieflyresistant to NICD.
with NAD or ATP, removed the nucleotides by washing,
and incubated the cells further. The results show thatATP-Induced but Not NAD-Induced PS Exposure
Is Readily Reversed T cells, like macrophages, reverse PS exposure after
removal of ATP (Figure 6B). In striking contrast, NAD-As shown recently, ATP-induced exposure of PS on
human macrophages is reversible upon removal of ATP induced PS exposure shows little if any recovery upon
Immunity
576
Figure 4. NAD Itself Is Not a Ligand for P2X7, and NICD Is Not
Mediated by ATP Released from Cells
(A) ART2/ T cells were incubated for 30 min in the absence or
presence of 25 M NAD or 250 M ATP and then stained with
Annexin V/PI.
(B) ART2/ T cells were incubated for 30 min with 25 M NAD
(top) or 250 M ATP (bottom) in the absence or presence of potato
apyrase (ATPase) or Neurospora crassa NAD glycohydrolase
(NADase), and cells were then stained with Annexin V/PI.
removal of NAD (Figure 6C). The reversibility of the re-
sponse to ATP is compatible with that of a receptor to
its soluble ligand. The prolonged reaction to NAD is
compatible with the covalent attachment of the ligand Figure 5. P2X7 Is a Target for ADP-Ribosylation
to its receptor. (A) HEK cells stably transfected with P2X7 or ART2.2 were stained
with antisera (1:2000 dilution) derived from rabbits immunized with
expression vectors for ART2.2 (solid line) or P2X7 (dashed line).ADP-Ribosylation Agonizes and Etheno-ADP-
Bound antibody was visualized by staining with PE-conjugated anti-Ribosylation Antagonizes P2X7 for Triggering by ATP
rabbit Ig.The discovery that P2X7 is a target for ART2 raised
(B) ART2/ T cells were incubated for 30 min in the absence or
the important question whether NAD and ATP might presence of 25 M NAD (top) or 125 M ATP (bottom) and then
act synergistically, i.e., whether ADP-ribosylation could stained with Annexin V/PI. Sixty minutes before and during nucleo-
tide treatment, cells were also exposed to K1G preimmune serumsensitize P2X7 for activation by lower concentrations of
(pIS) or immune serum (P2X7) (each at 1:500 dilution).ATP, and conversely, whether etheno-ADP-ribosylation
(C) MD27 lymphoma cells (lanes 1–4) and ART2/ T cells (lanescould antagonize activation of P2X7 by ATP. To address
5–7) were incubated for 30 min in the presence of 1 M (5Ci) 32P-this issue, we pretreated T cells briefly with NAD to allow
NAD. Cells were washed and lysed in 1% Igepal, and proteins in
cell surface ADP-ribosylation, followed by treatment cell lysates were subjected to sequential immunoprecipitation with
with threshold levels of ATP. The results show that NAD, preimmune serum (lanes 2 and 5), P2X7 antiserum (lanes 3 and 6),
and anti-LFA-1 mAb (lanes 4 and 7). Lane 1 contains a control aliquotindeed, sensitizes cells slightly for ATP-induced calcium
of the MD27 cell lysate before precipitation. Proteins were sizeinflux, albeit only at low ATP concentrations (Figure 6D).
fractionated by SDS-PAGE and blotted onto a nitrocellulose mem-Conversely, pretreatment of cells with etheno-NAD in-
brane. Radiolabeled proteins were visualized by autoradiography.hibited ATP-induced calcium influx (Figure 6E). The in-
After quenching of radioactivity, proteins on the membrane were
hibitory effects of etheno-NAD could be overcome by subjected to immunoblot analyses with an anti-P2X7 peptide antise-
high levels of ATP (data not shown). rum and peroxidase-conjugated goat anti-rabbit IgG. Bands corre-
sponding to the heavy chains of the precipitated rabbit antibodies
are marked by H; bands corresponding to P2X7 are marked byNAD Released by Cell Lysis Can Induce T Cell Death
an arrow.If NICD were to play a physiological role, the effects
described above should also be inducible with NAD
released from cells. While intracellular NAD levels are kept low by CD38 and other extracellular NAD glycohy-
drolases (Lund et al., 1995). Presumably, cell lysis duringin the range of 200–1000 M, extracellular NAD levels,
e.g., in serum, are in the submicromolar range and are tissue injury and inflammation can cause local ecto-NAD
NAD-Induced Cell Death
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levels to rise dramatically. To test whether NAD released
from lysed cells can induce cell death, we exposed
T cells to crude lysates generated by ultrasound treat-
ment of mouse erythrocytes (Figure 7A) or lymphoma
cell lines (data not shown). Indeed, T cells responded
to such treatment with PS exposure and PI uptake. Im-
portantly, pretreating cells with etheno-NAD, ART2-spe-
cific antibodies, or the P2X7 antagonist KN-62 protected
cells from these cytotoxic effects (Figure 7A). Further,
as in the case of exogenous NAD (Figure 4), treatment
of lysates with NADase strongly reduced PS exposure
and PI uptake (Figure 7A). These findings imply that NAD
released from cells, like exogenously supplied NAD, is
catabolized by ART2 to provide a ligand for P2X7. Con-
sistent with this interpretation, ART2-deficient cells were
resistant to the cytotoxic effects of erythrocyte cell ly-
sates (Figure 7A). However, ART2/ T cells did expose
PS in response to some highly concentrated cell lysates
(data not shown), indicating that cell lysates may contain
other cytotoxic effector molecules, e.g., ATP, in addition
to NAD.
Differential Sensitivity of Immature and Mature
T Cells to NICD
It has been reported that expression of P2X7 and of
ART2 is modulated during T cell differentiation and acti-
vation (Chused et al., 1996; Koch-Nolte et al., 1999).
We therefore investigated whether sensitivity to NICD
changes during T cell differentiation. In contrast to pe-
ripheral T cells, thymic lymphocytes—like B cells—were
resistant to NAD-induced PS exposure and shedding of
CD62L (Figure 7B). Some thymocytes did respond to
treatment with high doses of ATP by exposing PS and
shedding CD62L, albeit much less pronounced than pe-
ripheral T cells. Consistently, thymocytes showed little
if any staining with P2X7-antiserum K1G, whereas lymph
node T cells but not B cells showed prominent staining
with K1G (Figure 7C). The small fraction of lymph node
cells displaying sensitivity to ATP but not to NAD most
likely correspond to cells expressing P2X7 but not ART2.
Discussion
Our study addresses the role of extracellular nucleotides
and nucleotide metabolizing lymphocyte ectoenzymes
in the immune system. The results delineate an intriguing
mechanism for inducing T cell death: NAD released dur-
ing tissue injury and inflammation serves as a substrate
for ART2, which catalyzes ADP-ribosylation of P2X7 and
Figure 6. Dose Response, Reversibility, and Synergy of NAD and
ATP Induced PS Exposure and Calcium Flux
(A) T cells were incubated for 30 min with the indicated concentra-
tions of NAD or ATP and then stained with Annexin V/PI.
(B and C) T cells were incubated for 5 min with the indicated concen-
trations of ATP (B) or NAD (C), washed, and then incubated further
in the absence of exogenous nucleotides. At the times indicated,
cells were washed and stained with Annexin V/PI.
(D and E) Fura-2 loaded T cells were incubated in a stirred fluorimeter
cuvette, and changes in cytosolic Ca2 were monitored by fluorome-
try as in Figure 3A. 30 M NAD or 30 M etheno-NAD was added
at the first arrow; 50 M or 100 M ATP was added at the second
arrow. Open squares in (D) indicate the calculated sums of ATP and
NAD effects.
Immunity
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Figure 7. NICD with Endogenous NAD Released from Lysed Erythrocytes (A) and Differential Sensitivity of Immature and Mature T Cells to
NICD and NAD-Induced CD62L Shedding (B)
(A) ART2/ (top) or ART2/ (bottom) T cells were incubated for 30 min in the absence or presence of erythrocyte lysates before staining
with Annexin V/PI. Cells in panels 3–6 were preincubated with 0.1 g/ml control antibodies (panel 3), 0.1 g/ml ART2-specific antibodies
(panel 4), 10 M etheno-NAD (panel 5), or 2 mM KN-62 (panel 6) for 60 min prior to and during addition of erythrocyte lysates. Cells in panel
7 were treated with erythrocyte lysate in the presence of NADase. The NAD concentration in the working solution was 11 M.
(B) Thymocytes (top) and lymph node T cells (bottom) were incubated for 30 min with 25 M NAD or 250 M ATP and then stained with
Annexin V/PI or with anti-CD3FITC and CD62LPE.
(C) Thymocytes, total lymph node cells (LNC), and purified lymph node T cells were incubated with K1G preimmune (pIS) or immune (IS)
serum (1:2000 dilution) for 30 min, washed, and stained with PE-conjugated goat anti-rabbit IgG and anti-CD3FITC prior to FACS analysis.
other cell surface proteins on T cells (Figure 5). This cell shrinkage, DNA fragmentation, and staining by pro-
pidium iodide (Figures 1 and 3). Cells are protected fromactivates P2X7 and triggers a characteristic series of
responses ultimately resulting in T cell death by apopto- NICD both by ART2 antagonists and antibodies (Figure
1) and by P2X7 antagonists and antibodies (Figures 3Esis: increased calcium flux, shedding of CD62L, expo-
sure of phosphatidylserine, opening of membrane and 5B). Further, NICD requires ADP-ribosylation (Figure
1) but is blocked by etheno-ADP-ribosylation (Figurepores, breakdown of mitochondrial membrane potential,
NAD-Induced Cell Death
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2). Consistently, ADP-ribosylation agonizes and etheno- over, ADP-ribosylation would provide a longer lasting
ADP-ribosylation antagonizes P2X7 responses at low signal (Figures 6B and 6C).
concentrations of ATP (Figures 6D and 6E). Sensitivity of T cells to NICD correlates with the re-
Proposed roles of P2X7 in immunity include the re- ported T cell differentiation-dependent expression of
lease of IL-1, killing of intracellular pathogens, and ART2 and P2X7 (Chused et al., 1996; Koch-Nolte et al.,
cytotoxicity toward immune cells (Canaday et al., 2002; 1999). Immature thymocytes and B cells express little
Chvatchko et al., 1996; Di Virgilio et al., 1989, 2001; if any ART2 or P2X7 and are resistant to NICD as well
Labasi et al., 2002; Lammas et al., 1997; MacKenzie et as to ATP-induced cell death (Figure 7B). Following mi-
al., 2001; Zanovello et al., 1990). However, millimolar togenic stimulation, T cells show reduced sensitivity to
concentrations of exogenous ATP were required to elicit NICD consequent to shedding of ART2 (Kahl et al., 2000).
these P2X7-mediated responses. It has remained a puz- It is not unlikely that NICD and other cell death pro-
zle as to how such high ATP concentrations could be grams play distinct roles in immune responses. Since
derived from natural sources. Here we describe an alter- thymocytes are resistant to NICD (Figure 7B) and since
native way of activating P2X7 on T cells: by NAD-depen- ART2KO mice show normal numbers and a normal distri-
dent ADP-ribosylation. bution of thymic and peripheral T cells (Ohlrogge et al.,
The EC50 for NAD-mediated activation of P2X7 is in 2002), we do not expect NICD to play a decisive role in
the micromolar range (i.e., 2M for PS exposure) (Figure the generation and maintenance of the T cell repertoire.
6A). We demonstrate that sufficient concentrations of Rather, we expect NICD to operate in settings where
ecto-NAD to activate P2X7 can be reached upon rupture NAD is released from cells, for example, during mechani-
of cells, e.g., erythrocytes. Our results show that NAD cal tissue injury or microbial inflammatory processes
is a major cytotoxic principle in cell lysates, since cyto- with severe cytolysis. Under such circumstances, the
toxicity is blocked by NADase or by preincubation of massive release of intracellular antigens combined with
cells with etheno-NAD or with ART2-antibodies and high local concentrations of inflammatory cytokines
since ART2-deficient T cells are resistant to lysate- would raise the danger of serendipitous activation of
induced cytotoxicity (Figure 7A). Of note, freshly pre- autoreactive bystander T cells. Microbe-specific T cells
pared ART2/ T cells always contained a small fraction would become activated by professional antigen-pre-
(5%–15%) of apoptotic, Annexin V/PI cells and some senting cells, and this strong stimulation would induce
(5%–15%) dead, PI cells (Figure 1A), whereas freshly shedding of ART2 (Kahl et al., 2000), thereby rendering
prepared ART2/ T cells usually contained few if any such cells resistant to NICD. NAD-dependent ADP-ribo-
apoptotic cells but did contain some dead cells (Figure sylation, however, would occur on ART2-expressing by-
1B). These dead cells most likely result from mechanical stander T cells—including cells bearing an irrelevant
damage incurred by tissue disruption during cell prepa- TCR or an autoantigen-specific TCR. We propose that
ration. Since apoptotic cells appear in an ART2-depen- NICD thereby provides a safeguard mechanism against
dent manner, we surmise that apoptosis in these cells the undesirable activation of irrelevant and potentially
was also triggered by NAD released from lysed cells. autoreactive bystander T cells during an inflammatory
That NAD can be released into the extracellular environ- reaction. In this context it is of interest to note that a
ment in pathophysiological situations can also be sur- lack of ART2-expressing cells has been correlated with
mised from the recently reported finding of ADP-ribosy- enhanced sensitivity to autoimmune disease in several
lated extracellular proteins in inflammatory exudates, animal models (Ablamunits et al., 2001; Greiner et al.,
i.e., broncheolar lavage of smokers (Paone et al., 2002). 1987).
How does ADP-ribosylation activate P2X7? Cova- This study uncovers the molecular mechanism of the
lently immobilized ADP-ribose could function as a ligand activation of a purinoceptor by a toxin-related endoge-
for the adenosine binding site. Alternatively, ADP-ribo- nous ecto-ADP-ribosyltransferase. The results provide
sylation could activate P2X7 by an allosteric conforma-
new insights into the role of ecto-ARTs in regulating
tional change independent of the ligand binding site.
T cell functions and identify P2X7 as a key downstream
The former model more readily explains the observed
effector in NICD. These findings establish an importantdose responses of P2X7 to NAD and ATP (Figure 6A)
precedent for further studies on links between ADP-as well as the agonizing effects of ADP-ribosylation (and
ribosylation and purinoceptors and open the excitingantagonizing effects of etheno-ADP ribosylation) on
perspective of utilizing the pharmacology of NAD toP2X7 responses to ATP (Figures 6D and 6E). Cataboliza-
modify the function of P2X7 and other purinoceptors.tion into a covalently immobilized ligand is compatible
with the effectivity of NAD at low concentrations. In
Experimental Procedurescontrast, at saturating concentrations ATP induces
stronger P2X7 responses than NAD (e.g., compare mag- Reagents and Mice
nitudes of NAD versus ATP induced calcium flux and ADP-ribose, ATP, NAD, etheno-NAD, NGD, NHD, oxidized ATP,
dye uptake in Figures 6E and 4B). This, in turn, is com- KN-62 (1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenyl-
patible with the notion that covalently attached ADP- piperazine), Neurospora crassa NAD glycohydrolase, and potato
apyrase were from Sigma Chemical Company; Fura-2, YO-PRO-1,ribose acts as a weaker agonist than ATP and is consis-
ethidium bromide, and propidium iodide were from Moleculartent also with the finding that soluble ADP-ribose does
Probes; PE- and FITC-conjugated anti-B220, anti-CD62L, anti-CD3,not activate the P2X7 receptor whereas immobilized
anti-mouse Ig, and anti-rabbit Ig were from Becton Dickinson.
(covalently attached) ADP-ribose does (Figure 1C). Even Etheno-adenosine-specific mAb 1G4 (Krebs et al., 2003) was puri-
if covalently attached ADP-ribose were a weaker agonist fied from hybridoma supernatant by affinity chromatography on Pro-
than soluble ATP, it may be easier to produce the former tein G Sepharose (Pharmacia) and conjugated to Alexa488 (Molecu-
lar Probes) according to the manufacturer’s instructions. MD27in a physiological setting, e.g., upon lysis of cells. More-
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lymphoma cells were sorted for high ART activity after etheno-ADP- analyses. NADase and Apyrase were added to the cells either 5 min
before or simultaneously with NAD or ATP. All results shown areribosylation and staining with 1G4 as described previously (Krebs
et al., 2003). BALB/c mice were obtained from the Animal Resources representative of at least three similar and independent experi-
ments.Units of the University Hospital Hamburg and of Diderot University,
Paris. ART2-deficient mice were generated by standard homologous
recombination procedures and backcrossed for five generations Immunoprecipitation and Western Blot Analyses
onto the BALB/c background as described elsewhere (Ohlrogge et T cells (1  107/ml) and MD27 lymphoma cells (5  106/ml) were
al., 2002). Please note that ART2 is encoded by two closely related incubated for 30 min at 37C in the presence of radiolabeled 32P-
tandem genes in the mouse designated Art2.1 and Art2.2. The NAD (1 M, 5 Ci/ml) in RPMI medium containing 1 mM ADP-ribose.
ART2.1 and ART2.2 gene products are coexpressed by T cells and Cells were then washed in cold PBS to remove free NAD. Cells were
show similar enzymatic acitivities. All substrates, inhibitors, and lysed in 250 l PBS, 1% Igepal, 1 mM AEBSF at 4C for 30 min. Cell
antibodies used in this study affect ART2.1 and ART2.2 to a similar lysates were precleared by centrifugation (14,000  g at 4C for
extent, the ART2/ mice are deficient for ART2.1 and ART2.2. For 30 min) followed by incubation with 20 l protein G Sepharose
sake of brevity “ART2” is used throughout this paper instead of (Pharmacia) for 60 min at 4C. Immunoprecipitation was performed
“ART2.1 and ART2.2”. sequentially with preimmune serum (1 l), immune serum (1 l), and
LFA-1-specific mAb M17/4 (1 g), each immobilized on 20 l protein
Generation of ART2-Specific and P2X7-Specific Antisera G Sepharose. Proteins were size fractionated by SDS-PAGE on
Rabbits were immunized by repetitive gene gun immunization es- precast Nupage (10%) gels (Invitrogen) and blotted onto nitrocellu-
sentially as described by Koch-Nolte et al. (1999) using expression lose (NC) membranes. Radioactivity was detected by autoradiogra-
vectors for ART2.2 or P2X7 (Koch-Nolte et al., 1999, Adriouch et al., phy by exposing the membrane to Kodak X-omat Films at 80C
2001). Specificity of antisera was checked by FACS and immunopre- for 48 hr. The membrane was developed further with the enhanced
cipitation analyses using HEK cells stably transfected with ART2.2 chemiluminescence system (Amersham) using a P2X7 peptide-spe-
or P2X7 (Adriouch et al., 2001; Koch-Nolte et al., 1999). cific rabbit antiserum (Alomone) (1:1000) and peroxidase-conju-
gated secondary antibody (Amersham) (1:10.000) followed by a 60
Assays for Phosphatidylserine Exposure, Pore Formation, s exposure to ECL hyperfilm (Amersham).
Mitochondrial Membrane Potential, and Cell Death
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